It is well known that graphene is a very promising material due to its excellent physical, chemical, and thermal properties. Previously, ridges in graphene on a substrate were found in epitaxial graphene on a SiC substrate. It was found in this study that ridges can be made on a graphene layer via mechanical exfoliation on a sapphire substrate, and that ridges can be created or removed through heating and cooling. Due to the difference of the thermal-expansion coefficients of the substrate and graphene, it can be said that thermal cycling causes compressive strain, which is released by forming ridges. Annealing was carried out in a vacuum chamber within the pressure range of 10 −3 ∼10 −6 Torr and at 900∼1100 C. To analyze the shapes and mechanical properties of the ridges, Raman spectroscopy and AFM measurement were performed. It was found that the ridges can be extended by defect as a nucleation center, and the graphene layer can be folded along the preexisting ridge during heating and cooling.
INTRODUCTION
Graphene, which was recently discovered, has a twodimensional structure where the electrons have zero effective mass with zero bandgap. Further, the electron mobility of graphene is 100 times larger than that of Si. Furthermore, a 1000-fold larger amount of current can pass through graphene than through copper. It has very high thermal conductivity, and its tensile strength is greater than that of diamond. Due to its peculiar behavior, such as its half-integer quantum Hall effect, graphene is considered a very attractive material from the viewpoint of various application fields. 1 2 Among the several physical and chemical properties of graphene explored by many researchers, [3] [4] [5] [6] its thermal properties have not been studied extensively even though it is considered an important issue as far as application is concerned. For the study of the thermal properties of graphene, Raman spectroscopy analysis [7] [8] of 300-nm-thick graphene mounted on silicon oxide on top of a Si wafer, and thermal-conductivity measurement of suspended graphene 9 on a Si/SiO 2 substrate, were performed. Graphene edge control has been considered * Author to whom correspondence should be addressed.
another issue concerning the application of graphene. 10 11 Especially, in an experiment performed by Girit et al., 11 the graphene edge was controlled using a focused electron beam, and was monitored in situ using a transmission electron aberration-corrected and monochromated microscope (TEAM 0.5), where the electron beam was considered a heating power source. The experiment was motivated by the experimental results obtained by Girit et al., from which the edge shape of graphene was expected to be modified through heating in thermal equilibrium.
Meanwhile, there have been several reports with respect to the ridges or wrinkles of graphene in the annealing process. [12] [13] [14] [15] [16] [17] [18] A careful look at such experiments will reveal that almost all of them were performed on epitaxial graphene grown on 4H-SiC 13 17 and 6H-SiC substrates. 14 15 In this study, the sample was prepared via mechanical exfoliation particularly on the sapphire substrate rather than on epitaxial graphene.
EXPERIMENTAL DETAILS
There are several ways of fabricating graphene. In this study, mechanical exfoliation and graphene transfer using a PMMA film were employed. Mechanical exfoliation, the so-called "Scotch tape method," mechanically exfoliates the graphene layer from HOPG or graphite flakes using Scotch tape. In the experiment that was performed in this study, graphite flakes were used to obtain a graphene layer, which was mounted on a sapphire substrate. It is well known that graphene mounted on a 300-nm-thick silicon oxide layer on top of a Si wafer can be recognized with an optical microscope. [19] [20] [21] It was found that few-layer graphene mechanically exfoliated on top of a sapphire wafer was also visible under an optical microscope. In this context, there have been reports that graphene can be seen with the naked eyes without reference to the existence of a 300-nm-thick SiO 2 layer on the Si substrate. [22] [23] [24] Graphene transfer using a PMMA film was also employed for the sample preparation. First, a graphene layer was mounted on a 300-nm-thick oxide-coated Si wafer via mechanical exfoliation. Then the wafer with a graphene layer was coated with a PMMA (950 PMMA C4, MicroChem) thin film for 1 min, using a 2500-rpm spin coater. It was then baked at 95 C for 3 min to allow the PMMA film to harden. The heated Si wafer was dipped into a 2 M KOH solution to allow SiO 2 to be etched. As the top surface of SiO 2 was etched, the PMMA film holding the graphene was released from the substrate. The released PMMA film was transferred onto a sapphire substrate so that the graphene layer would face the sapphire surface. Modest temperature baking was carried out to increase the graphene-sapphire adhesion, after which the PMMA film was dipped in acetone and heated at 80 C for 40 min to remove the PMMA film. The sapphire substrate that was used in this experiment was fabricated via heat exchange (#45016, Alfa Aesar). It had a C-axis surface with single-sided polishing.
With an optical microscope, the thinnest parts of the few-layer graphene were found, after which Raman spectroscopy (Renishaw, 633 nm) and AFM (XE-100, Park Systems) measurements were performed. The accurate thickness of the few-layer graphene can be determined from the topography, as measured via AFM. Contactmode AFM measurement was performed with low stiffness cantilevers (NSC36, Park Systems) to simultaneously obtain topography and lateral-force images. After conducting Raman and AFM measurements, the sample was heated for about 15 min and then cooled in the vacuum chamber of a thermal evaporator or thermal CVD system. The vacuum was within the range of 10 −3 ∼10 −6 Torr, and the temperature was 900∼1100 C. After annealing, Raman spectroscopy and AFM measurements were performed again, and the results were analyzed, comparing the data pertaining to before and after annealing.
RESULTS AND DISCUSSION
Raman spectroscopy was performed on few-layergraphene (FLG) samples with 1-3 nm thicknesses, as confirmed via AFM. As shown in Figure 1 , based on the ratio of the G peak (1580 cm −1 ) to the 2D peak (2700 cm −1 ) and on the shape of the 2D peak, the sample is considered an FLG. 25 The other peaks shown at 1600∼2200 cm −1 are suspected to be due to the sapphire substrate. As a whole, the two data obtained before and after heating were quite similar, except for the location of the G peak, which was slightly blue-shifted. This can be explained by the fact that the compressive strain in the graphene layer induced by the substrate in the heating and cooling process caused a blue shift. 26 A similar behavior was found in graphene on a SiC substrate, as reported by Lee et al. 26 According to their report, the step edge in the annealed SiC substrate caused compressive strain on graphene, and the blue shift in the Raman spectrum was observed. The annealing caused the substrate to become atomically flat, and compressive strain was induced. [27] [28] [29] On the other hand, noticeable changes were found in the AFM analysis after annealing, as shown in Figure 2 . The topography and lateral-force image were measured simultaneously, before (a-b) and after (c-d) annealing. The graphene layer step (dashed lines) along the boundary in Figure 2 (a) shows a contrast in topography. The step height difference was about 0.5 nm, which is regarded as a single graphene layer step considering the experimental error in contact-mode AFM. Meanwhile, bright lines can be seen near the arrowed point in Figures 2(a)-(b) , which are different from step contrast and are suspected to be ridges.
After annealing, new ridges were generated near the ovals in Figures 2(c)-(d) . Particularly, the ridges formed 120 C angles, which correspond to the crystallographic symmetry of graphene. This ridge formation via heating and cooling was found in the samples prepared using both methods (direct mechanical exfoliation and PMMA transfer). On the other hand, edge reconstruction, which was these authors' original motivation, was not found in this experiment due to the low resolution of the AFM image, because the atomic resolution is generally impossible in ambient-condition AFM. It is alleged that the formation mechanism of ridges is as follows. Compressive stress causes ridges to appear due to the difference between the thermal-expansion coefficients of graphene and the substrate in thermal cycling. 13 A close look at the arrowed part in Figure 2 (c) would reveal that it looks like two parallel ridges with a less-than-10-nm gap. The two ridges had about 1 nm heights, and their widths were estimated to be 35 and 46 nm, respectively, although these figures could be overestimated due to the tip convolution effect in the AFM measurement.
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In the LFM image shown in Figure 2 (d), the line profile across the ridge (near the arrow) shows a wiggle shaped like a derivative of the topography line profile. Figure 3 shows the expected line profiles of LFM for the (a) step and (b) ridge in topography. For the step, LFM image shows a protrusion shape, like that indicated by the dashed line in Figure 2(b) , while the LFM image in Figure 2(d) shows wiggles, confirming that the lines are indeed ridges. When the tip moves in a parallel direction to the ridge, the LFM shows no contrast, as can be seen in the left ridge in Figure 2(d) . This confirms that there was neither a chemical-bonding force nor any other interaction involved in the dangling bond at the edge of the graphene. Figure 4 (a) shows a topographic image of the other sample before annealing, where ridges existed near the defects indicated by arrows. After annealing, the lengths of some ridges were extended, as shown in Figure 4 (b). It is noticeable that ridges A and B in Figure 4 (a) were moved into the lower part of Figure 4(b) . Moreover, most of the ridges were situated at 120 angles to each other. It is plausible that the angles were determined by the interactions between the graphene and the sapphire substrate with a hexagonal structure. Judging from these data, it can be said that ridges are created, removed, and move if there are defects around them. This means that the sliding motion of the graphene layer on the substrate becomes easier as the defects reduce the adhesion at the interface.
According to several previous papers on epitaxial graphene on a SiC substrate, ridges were formed mainly along the step edges of the SiC substrate. [12] [13] [14] [15] [16] [17] [18] It is suggested that the similar step edge behavior can occur on the (0001) surface of sapphire. [27] [28] [29] It was reported that annealing at 1000 C in air makes the sapphire surface atomically flat. In this study, annealing was performed in vacuum at 10 −3 ∼10 −6 Torr, and the sapphire surface was expected to be reconstructed with residual gases in a vacuum chamber, which causes surface flattening. Surface flattening is a possible reason for the compressive stress on the graphene.
It was observed that the preexisting ridge was removed after annealing. As can be seen in the topographic and lateral-force image of the FLG before heating in Figures 5(a) and (b) , the as-prepared sample had ridges that were 3.89 nm high and 232 nm wide. After annealing, the ridges disappeared, as shown in Figures 5(c) and (d) .
The removal of the ridges should have an effect on the tensile stress on the graphene layer. It is known that graphene has a negative thermal-expansion coefficient. 30 In the heating process, graphene shrinks and the substrate expands, allowing the ridges to be removed. Figure 6 shows that graphene can be folded along the ridge by annealing. The preexisting ridges with ∼1 nm heights and ∼100 nm widths shown in Figures 6(a) and (c) disappeared, and parts of the graphene were folded along the ridges after annealing, as shown in Figures 6(b) and (d). This implies that the sapphire surface was reconstructed due to annealing, some atoms on the surface sputtered, and the weakly adhered part of the FLG was detached and folded. A noticeable point is that the folding line is coincident with the location of a ridge, as indicated by the arrow. This means that the ridge has intrinsic stress and that the curved part with strain can recoil elastically during the thermal process. In summary, the external compressive stress on graphene causes the creation of ridges while the external tensile stress removes the existing ridges. The creation of ridges may occur in the cooling process, and the removal of ridges in the heating process. The creation or removal of ridges, however, does not always occur in the heating or cooling process. This depends on the adhesion force and sliding condition between the graphene and the substrate. The adhesion force is mainly a van der Waals interaction, and the sliding condition may depend on the impurities at the interface. In this work, the adhesion force was not controlled, and the creation or removal of ridges occurred randomly.
CONCLUSIONS
It was found that the ridges can be formed in the graphene layer by the asymmetric pressing force in the mechanicalexfoliation process or in the transfer process with PMMA. When the FLG on the sapphire substrate was annealed in vacuum, ridges were generated anew in the FLG. On the whole, the ridges that were generated via mechanical exfoliation or transfer had widths of an order of 100 nm, and those that were induced by annealing had a 10 nm scale. Moreover, it was found that the ridges that are formed during the exfoliation process can be removed by annealing, or that graphene folding can occur along a ridge after annealing. It was also found that a preexisting ridge could be extended by the defect as a nucleation center. If the location and direction of a ridge can be controlled, the ridge can be used for graphene nanopatterning through selective folding along the ridge.
